A computer model was developed to predict eddy currents and fluid flows in molten steel. Numerical simulation was performed by coupling a three-dimensional (3-D) finite-element EM code (ELEKTRA) and a 3-D finite-difference fluids code (CaPS-EM) to solve heat transfer, fluid flow, and turbulence transport in a casting process that involves EM fields. ELEKTRA is able to predict the eddy-current distribution and the electromagnetic forces in complex geometries. CaPS-EM is capable of modeling fluid flows with free surfaces. Results of the numerical simulation compared well with measurements obtained from a static test.
INTRODUCTION
Steel sheets are wicfely used in the automotive and appliance industries. Most steel sheets are now made by continuous casting of 50-to 300-mm-thick slabs, followed by hot rolling to reduce the thickness to = 2.5 nim, and then by cold rolling to the final thickness. The configuration of traditional slab casting is shown in Figure 1 . The hot-rolling stage is very capital-and energyintensive, adding significantly to the cost of the finished product. Industry has an urgent need to develop its capability to cast relatively thin sheets of steel. If thin sheets could be cast, the entire hot-rolling portion of the process could be eliminated. The cost savings would give the sheet product an enormous economic advantage over products made by competing methods.
Twin-roll casting has been used for the production of wide, thin aluminum strips. Several twin-roll processes are used to cast strips that are 2 -5 mm thick and 1500 -2000 mm wide [l-51.
This technique for casting thin strip traditionally uses some type of ceramic material at the ends of counter-rotating rolls to contain the molten metal pool, as shown in Figure 2 . Ceramic dams only endure for a short period of time and are susceptible to erosion and breakage. They also are sites on which the molten metal can solidify and this solidified material can become attached to the strip being formed and thus alter the roll gap spacing, and hence the thickness of the cast product and the surface temperature. These alternations can lead to surface defects, variation in product thickness, leakage of liquid steel from the caster, and even strand breakage and liquid steel breakouts.
Magnetics is increasingly being used in a broad range of metallurgical applications. These range from relatively mature applications such as the electromagnetic (EM) mold for casting aluminum [6] to emerging or proposed applications such as levitation and/or confinement in the entry region between the tundish and a horizontal casting mold, edge confinement [7] and control [8] within a strip or plate caster, and control of shape (e.g., thickness) to near final form specifications [SI. In virtually all such applications, an alternating EM field is used to induce current to flow within the molten metal to create the desired confinement forces. The confinement fwces work against a static head that, in many applications, is primarily gravitational in origin.
Use of the EM field will play a major role in the evolution of the steel industry [lo-141. NO contact is made with the steel; defects can be minimized, and product quality can be improved. Many product quality problems are related to mold and air-gap formation, and to interaction of the ingot shell and liquid core. These problems could be eliminated by moldless casting, wherein an EM field supports the liquid metal until it enters the direct-quench zone. The application of EM edge dams (EMDs) in twin-roll casting (Figure 3) can bypass fundamental problems of ceramic solid dams and makes economic sense [ 15,161. In other words, if the EMD concept is successful, a11 of the problems associated with ceramic edge containment could be eliminated and the possibility of successfully developing a twin-roll strip casting process for steel would be greatly increased Application of EM fields in twin-roll casting is a complicated process that involves interaction among electric, magnetic, thermal, mechanical, and metallurgical phenomena. Therefore, modeling is needed to help optimize the. performance of products, enhance their value, get them to the marketplace sooner, and gain competitive advantages for business and industry.
Argonne National Laboratory (ANL) and Inland Steel Company have worked together to develop a three-dimensional (3-D) computer model that can predict fluid flows and eddy currents in EMDs for twin-roll casting. Numerical simulations were performed to compute the EM force and fluid flow by coupling the finite-element EM code ELEKTRA and the finite-difference casting process magnetohydrodynamic code CaPS-EM. ELEKTRA solves 3-D time-varying EM field equations and predicts the induced eddy currents and EM forces. The time variation can be either transient or steady-state ac. CaPS-EM provides an efficient solution of transient heat conduction within the metal and between the metal and the mold and computes the profile of the free surface 
MATHEMATICAL MODEI, AND NUMERICAL PROCEDURE
In this study. fluid flow of liquid metal with a free surface under EM force was investigated numerically. The volume fraction method was introduced to treat the free surface, and the magnetic potential was used for eddy-current analysis. The shape of the free surface is governed primarily by the balance of EM pressures against pressures due to gravity. Transfer of momentum due to both flow of molten metal and turbulence may also be of critical importance. Quantitative mathematical representation of this system involves the induced current, the EM field, the EM force, and the resulting fluid flow. These steps may be conveniently divided into EM calculations and fluid-flow computations.
The following assumptions and simplifications are made in the mathematical model: All flows are assumed to be isotropic and at steady state.
Fluid flow due to causes other than EM action (e.g., pouring stream) is not included Time-averaged values of the EM forces are appropriate for fluid-flow calculations.
in the simulation.
Electromagnetic Equations
ELEKTRA uses a combination of vector and scalar magnetic potentials to model time-varying EM fields. Vector potentials are used in conducting media, and scalar potentials are used elsewhere. In time-varying fields, the currents induced in conducting volumes are some of the unknowns in the system. Therefore, their fields cannot be evaluated by simply performing an integration. Inside the conducting volumes, the field representation must include a rotational component. ELEKTRA combines the efficient total-and-reduced scalar potential method for nonconducting volumes with an algorithm that uses a vector potential in the conducting volumes.
In a low-frequency time-varying magnetic field, when the dimensions of the objects in the space are small compared with the wavelengths of the fields, the magnetic and electric fields are related by the low-frequency limit of Maxwell's equations: 
(4)
where CY is the electrical conductivity, B is the magnetic flux density. e is the electric field strength, H is the magnetic field strength, and 5 is the current density. Once the current distribution and the vector potential are known, the magnetic field is readily calculated and one may then obtain the EM force by using the relationship L 3 X B .
Fluid Flow Equations
The conservation equations of continuity, motion, and energy in CaPS are developed by the mass, momentum, and energy balance, respectively, over a control volume, i.e., Equation 6 indicates that the rate of mass accumulation is the difference between the rate of mass into and mass out of the control volume, i.e., In Eq. 7, the terms on left-hand side indicate the rate of increase of momentum. The terms on the right-hand side are the rate of momentum gain by convection, the pressure force on an element, the rate of momentum gain by viscous transfer, the gravitational force on an element, and the EM force on an element, respectively.
Turbulence Model
In the bulk of the liquid, the k-E model is used. The transport equations that describe the time and space distributions of turbulence kinetic energy k and its rate of dissipation E (Eqs. 8 and 9) are given in terms of production, buoyancy, dissipation, and diffusion. The EM effect on turbulence is implied by the last term of Eq. 8 [19] .
In Eqs. 8 To calculate the average values of EijkJjBk and BjBj per cycle in Eqs. 7 and 8 from the ELEKTRA postprocessor, it is necessary to output the real part (ac time angle = 0") and imaginary part (ac time angle = 9 0 ' ) of the quantity in separate tables and average the value in a separate independent code. The computations are evaluated as follows:
Set ac time angle = 0" and create the table In ELEKTRA, the choice of potential type in each region depends on the properties of the region. Either reduced potential or total potential can be used in current-free regions, whereas vector potential must be used in eddy-current regions. In this application, reduced potential is used in the air-region, total potential is used for lamination material, and vector potential is applied to liquid Indalloy, copper shield, roller, carbon steel tube, and carbon steel plate.
The boundary conditions of thermal hydraulics used in this study are symmetry about the center line, no slip at the solid surfaces introduced through wall functions, free surface at the top of the liquid metal, and free surface at the interface between the liquid metal and the air gap. These boundary conditions are not thought to introduce a serious error that will affect the general nature of the system. For the isothermal flow of liquid metal, heat transfer will not occur between the liquid Indalloy and the ambient air, and the energy equation is not solved.
SYSTEM LAYOUT
The basic concept for the EMD to provide containment in twin-roll casting is to create a primary time-varying magnetic field that penetrates a passive conductor (the liquid metal to be contained). As the time-varying field changes, an EM force is generated in the plane at right angles to the direction of the changing flux, resulting in a perpendicular current flow within the liquid metal. The induced current interacts with the primary magnetic field to create a body force (Lorentz force) on the liquid metal that repels the conductor away from the source of the primary field and contains the molten metaI. The body force on the liquid metal is the vector cross product of the induced current density and the magnetic flux density. The design problem reduces to that of placing a confinement coil or coils so that a desired free-surface shape can be obtained or metal can be confined against a specified static head. Figure 5 displays a schematic arrangement of one EMD in a static test rig configuration, labeled the "Proximity type EMD" [15, 16] . A copper conductor is placed parallel to the plane of the desired containment. A large ac current passes through the conductor and is concentrated on the face of the conductor closest to the liquid metal because of the proximity of the conductor to the liquid metal. The ac vertical current creates a horizontal magnetic field. The liquid metal that is to be contained interacts with the magnetic field, and the containment forces are generated. These forces support the liquid metal until it passes the kissing point of the rolls. In this design, a highpermeability lamination material that surrounds the conductor enhances this effect and concentrates the magnetic flux density. The size of the air gap inside the lamination material decreases from bottom (nip) to top and is used to adjust the magnetic field. The copper shield surrounding the lamination material contines the magnetic tield. The main parameters of the computational data are summarized in Table 1 . Table 2 shows the stored energy (integral B0H/2 dv) and power loss (integral J**2/0 dv) of the materials used in EMD applications. The percentage (%) of each material is the ratio to all the materials (five materials in this case). It can be seen from Table 2 that most of power is lost in the carbon steel tube (60.6% for stored energy and 94.6% for power loss) because of its high permeability (Table 1) . With high energy consumption and high Joule heating in the carbon steel tube, cooling water is required in this design ( Figure 5 ). However, even with this disadvantage, carbon steel is still used because it can confine the magnetic flux and provide a uniform magnetic field that crosses the liquid metal because of its high permeability and small skin depth. Because most of the magnetic flux density is confined within the skin depth of the carbon steel tube, only a little magnetic flux penetrates into the carbon steel plate and induces low stored energy and power loss. The copper roller and copper shield have low stored energy and low power loss because of their high electric conductivity and low permeability. Figure 7 shows thc distribution of the magnetic flux density vector at a cut plane, 15 cm above the nip, 01' the EMD ( I = 13 kA, f' = 4.4 kHz) in a twin-roll casting static test rig. In Figure  7 , with high permeability in the lamination and low permeability in the copper shield, magnetic flux concentrates in the lmiination; then crosses the air gap; locates inside the skin depths of the carbon steel tube, the carbon steel plate, and the Indalloy; and finally returns to the lamination with a closed loop. As seen. under the effect of the periodic current, the conductor generates a variable magnetic field in the system, which, in turn, gives rise to an induced current. Thus, the liquid metal is subject to EM body forces caused by the interaction of the eddy currents and the magnetic field. With these EM foxes, liquid metal could be confined within the mold in the EMD application. Lorentz's force (8c) in the liquid metal Indalloy at I = 13 kA, f = 4.4 kHz for the EMD. Any one of these three field vectors is always perpendicular to the others. At the surface of the Indalloy, near the inductor, most of the magnetic flux density, eddy current, and magnetic forces accumulate at a short depth into the Indalloy because of the skin depth effect. The maximum values of flux density, eddy current, and force occur at the nip of the liquid metal because the distance at the nip of the liquid metal is minimal. Maximum magnetic force is necessary to overcome the maximum hydrostatic pressure at the nip. From the design point view, it is also necessary that the induced magnetic force be large enough to overcome the hydrostatic pressure of the liquid metal and to confine the liquid metal inside the container. Figure 9 presents the free surface profile of the liquid metal Indalloy in a twin-roll casting static test rig with an EiMD (I = 13 kA, f = 4.4 kHz). The volume fraction method was introduced to track the free interface between the liquid metal and the air gap. The shape of the free surface is governed primarily by the balance of EM pressures against pressures due to gravity. With the capability to predict free surface shape, the design problem reduces to that of placing a conducting coil or coils so that a desired free surface can be obtained or that metal can be confined against a specified static head. Figures 1 l a and 1 1 b are the free surfiice shapes observed from a vcrtioril cut plane through the center of the liquid metal. In Figure 1 la. with I = 13 kA, thc lop of the pool barely touches the magnet at the locations that are close to the surface of the roller. Here, the top does not mean the height at the liquid-metal head, which is 25 cm above the nip, but a height = 18-32 cm above the nip. In other words, liquid metal may touch the magnet near the roller surface at a height of = 18-22 cm, and above 22 cm, it is pushed far away from the magnet. Below 18 cm, liquid metal is well contained. In the Fig. 1 l b with a stronger current (I = 18 kA) in the coil, liquid metal is contained everywhere. The push-back distance of liquid Indalloy from the Face of the EMD under EM force is shown in Table 3 for the case when I = 18 kA, f = 4.4 kHz. The information included in Table 3 and Figures 1 l a and 1 l b was obtained from the computer model and can be used to optimize the caster design for a commercial device. Table 3 The followup work on this research will be the development of a 3-D model for dynamic electromagnetic edge Containment. The entry nozzle and rotational roller will be included in the model. A prediction of the magnetic field, eddy current, magnetic force, fluid flow, solidification, and liquid-metal containment for dynamic test rigs will be performed to optimize the design of the electromagnetic twin-roll caster. 
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